Real-Time System for Respiratory-Cardiac Gating in Positron Tomography
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Abstract analog inputs from respiratory and cardiac sensors into a digi-
et@houtput state. For doubly-gated acquisitions on the CTI/Sie-

A Macintosh-based signal processing system has b
developed to support simultaneous respiratory and cardiac dg{a_ns ECAT EXACT HR PET scanner, the system must select

ing on the ECAT EXACT HR PET scanner. Using the Lab?"€ Of Sixteen 47-plane histograms in scanner memory during
View real-time software environment, the system reads anal% Y partlcrl;llar phase ththe cr:tjrld|ac gng r(;splratory cyclei.
inputs from a pneumatic respiratory bellows and an ECG mo omograph events are then redirected by the scanner to the

itor to compute an appropriate histogram memory location fSFIeCtEd histogram as the respiration and cardiac cycles

the PET data. Respiratory state is determined by the bellof/§9ESS: . .
Prior papers have reported algorithms for processing data

signal amplitude; cardiac state is based on the time since the . . L
last R-wave. These two states are used in a 2D lookup tabl Elgt we have obtained via our QOuny-ggted aqu|S|t|on sy;tem
determine a combined respiratory-cardiac state. A 4-Bi 2 3. 4 S]. The focus of this paper is the implementation
address encoding the selected histogram is directed from &l performance of the Macintosh-based signal processing
system to the ECAT scanner, which dynamically switches tf¥Stém which carries out the front-end tasks, and a perfor-
destination of tomograph events as respiratory-cardiac stf}@nce cha}racterlzatlon of the switching efficiency for the com-
changes. To test the switching efficiency of the combined Mained Macintosh/ECAT system. _
intosh/ECAT system, a rotating emission phantom was built. The Macintosh system is interfaced to the ACS I. version of
Acquisitions with 25 msec states while the phantom was rot4fe control system for the ECAT scanner. Software in the scan-
ing at 240 rpm demonstrate the system could effectively st§§" has been modified to respond to state changes from the

motion at this rate, with approximately 5 msec switching timplacintosh - and - thus support doubly-gated acquisitions.
between states. Onboard the Macintosh, a National Instruments data acquisi-

tion board is combined with the real-time LabView software
|. INTRODUCTION environment to provide a versatile platform which is easy to
program and operate.
Respiratory-cardiac gated Positron Emission Tomography
(PET) acquisitions require a real-time system which translates
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Figure 1: Schematic of doubly-gated PET acquisition. Real-time data acquisition hardware located in a Macintosh workstation processes
respiratory and ECG inputs to supply the ECAT scanner with a suitable gate address. The net result of a gated acquisition is a 2D array of
reconstructed image volumes. In this example, five cardiac phases are used to select three cardiac states. The respiratory cycle is divided into
five states. These volumes are subsequently registered to each other and combined to form a composite PET image with reduced motion blur
and without loss of statistics.
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[I. DOUBLE GATING ATD ings) Expiration

A double gating scheme for acquisition and subsequersep| s T e 0 1. ¥
processing of cardiac PET images is motivated by the assum P IN ' 1 Mwafla Ay
tion that the heart moves independently with two types o l| | \ [ [
motion during a PET acquisition. Contractile motion associ130@ b |
ated with the cardiac cycle changes primarily diapeof the
heart. Respiratory motion changes primarily phasition and
orientationof the heart as the diaphragm and chest wall mow
with each breath. The gating scheme described here separat
bins PET events into a 2D array of histograms, where one axi zan
is the state of the cardiac cycle, and the other is the state of tl
respiratory cycle (Figure 1). Respiratory and cardiac motiol Eeart

. . 11mE eats
may then be captured in a series of freeze frames as each his [
gram is separately reconstructed into an image volume. Unfo < 20sec ™ Inspiration
tunately, as the total number of tomograph events is distribute, , , .
into many image volumes, the image quality of each recon  ean &30 640 60 680
struction suffers due to lack of statistics. The image quality ca Time|soc]
be improved by adding the data back together, but only afterrigure 2: Raw digitized waveform from the respiratory bellows
the image volumes have been registered to each other. Thigressure transducer. Absolute waveform values are used to
registration task is a formidable problem, since it requires esti-determine the respiratory state.

mation of a motion field that matches cardiac features on a )
voxel-by-voxel basis from one reference dataset to correspofitflitized and processed by LabView software to determine the

ing features in all the other reconstructed volumes. PreliminafyTént cardiac and respiratory states. The two input states are
results have been presented which indicate that respiratory &7§¢ t©© determine a 4-bit output state sent to the ECAT scanner.
cardiac motion can be estimated from routinely acquired dog@Ch change in the output state initiates a reconfiguration in
bly gated studies on dogs [4] and humans [, 3], so it appeg?g scanner so that it d|regts tomogrgph events to the selected
that motion compensation in a doubly-gated study is feasibl@"€ Of Up to 16 separate histograms in scanner memory.
Because the difference in the cardiac image between two ~ More detailed look at the processing inside the Macin-
reconstructed respiratory states is primarily a rigid translatidfSh 1S shown in Figure 3. All input and output is achieved
and rotation, a simple rigid-body registration is used to adtfind @ National Instruments NB-MIO-16 data acquisition
corresponding voxels in these states [1, 6]. To add correspona-ard resident in the Macintosh. Control of this board and pro-

ing voxels from different cardiac states, the volume must (5€SSINg Of the signals is carried out using the LabView soft-

nonrigidly deformed and added[3, 4]. Ideally, all states are reff@€ environment.  The LabView environment allows

istered to a reference volume and summed to produce a sir gsiderable flexibility in pro_cessing data, yet allows real-time
composite image volume. Since all the data are added, R0l of input and output signals. o
composite volume uses all the statistics available from the 10 determine the cardiac state, the ECG signal is sent to
gated PET study, yet because the image data have been waR}8§€Ssing hardware which generates a pulse at each R-wave.
to match the shape of the heart at a reference position (typl€ R-wave pulse resets a continuously running hardware
cally end diastole at end expiration) there is little motion blutOUnter/timer onboard the data acquisition board. A tight loop
Detection of an R-wave from standard electrocardiografJfh the control software frequently samples the value of the
(ECG) signals is used to monitor the phase of the cardiac Cycquunter, thus obtaining the_ curreqt time e'al?sed since the I‘?St
similar to previous cardiac gating efforts[7, 8, 9, 10]. For morfi€tected R-wave. The cardiac gating phase is set directly using
itoring the respiratory cycle, we use a pneumatic bellow!S €lapsed time value. Note that different cargsaasescan
secured around the patient's chest. Originally designed for & combined into the same cardiatate For example, we
with MRI scanners, the pneumatic bellows attaches to a pr&9Mmbine the filling and emptying phases on either side of end
sure transducer and generates an analog voltage related to chegp!e Into a single “transition” cardiac state. Similarly, the

expansion. A raw waveform from the bellows obtained duringfdiac phase immediately after the R-wave is combined with
a typical study is seen in Figure 2. Close examination of t ta at the end of the cardiac cycle into a single “end-diastole”

waveform reveals that it is relatively stable, yet sensitiveiate-

enough to even detect small pressure fluctuations due to the\n A/D converter samples the respiratory bellows trans-
heart beat (see Figure 2 inset). ducer output, and the amplitude of the sample is used to set a

respiratory state. We divide the range of expected respiratory
sample values into equally spaced intervals whose number
equals the number of chosen respiratory states. The respiratory

An overall schematic for the double gated system is seenstate is therefore determined directly by the interval into which
Figure 1. Analog signals from the ECG and respiratory monihe sample value falls. Typically, respiratory sampling is done
tors are directed to a Macintosh lici computer, where they are

250 } \ |
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Figure 3: Data processing flow diagram. Analog signals from the ECG and respiratory bellows are directed to a National Instruments data
acquisition board resident in a Macintosh llci computer. An ECG-derived R-wave pulse resets a counter timer which is sampled at 1 KHz to

determine the cardiac state. The respiratory waveform is digitized and used to determine a respiratory state. Cardiac and respiratory states

select a 4-bit output state from a 2D lookup table. This output state is directed to the ECAT scanner electronics.

at 10 Hz. Past respiratory values are stored in an array and aearay. Note that the output state entries in the 2D lookup table
be used for modifying respiratory state boundaries duringneed not be unique. In this example, the same output states
study. We have found, however, that the range of respiratomere used to characterize cardiac phases 2,4 and 1,5.
values drifts very little throughout a study, implying that a Whether or not such an allocation of cardiac and respira-
given respiratory A/D value should correspond to a specifiory states is the best scheme for reducing motion-induced blur
rotated and translated heart position in the chest. Respirat@a difficult question to answer until we can better characterize
state boundaries are therefore usually fixed during the studythe typical range of motion due to respiration and due to the

The respiratory and cardiac states are used as indices ioaadiac cycle, and the amount of time spent in each position.
2D lookup table to select one of 16 possible histograms Ideally, one would like to divide the acquisitions into as many
scanner memory. TTL digital I/O lines on the NB-MIO-16 arestates as necessary to stop both types of motion, however, both
used to encode the histogram selection as a 4-bit addrédssited memory in the tomograph and limited statistics in the
These four TTL outputs are connected to the ECAT fromesulting reconstructed images prevents one from doing this.
panel. At each cycle of the LabView sampling loop, the cardidche division into a 2D array of histograms with 15 entries is
and respiratory states are determined and if necessary, the tharefore a compromise intended to reduce a significant por-
put state is changed via a digital signal over the TTL lines. tion of the motion blur.

An example of a representative double gated study is seenin this prospective cardiac gating scheme, tomograph
in Figure 1. Here, the respiratory and cardiac cycles are babhents are unbuffered. Therefore, the cardiac state must be a
divided into five different phases. Cardiac phases are selectadction of the time since the last R-wave, and possibly a func-
using the time boundaries with respect to each R-wave ocction of past R-wave intervals as well. In the system’s current
rence. For example, in one human study, cardiac time bourmnfiguration, no provision is made for bad beat rejection dur-
aries of 200, 300, 450 and 600 msec were used. The cardiag cardiac gating. Data acquired during a mischaracterized
phases are grouped into three states: end diastole (0-200 ntsadiac state due to an irregular beat cycle will therefore
and from 600 msec to the next R-wave), end systole (300-488grade the reconstructed image. Fortunately, heart beat irreg-
msec) and a transition state (200-300 msec, 450-600 msedarities usually occur during end-diastole, when the heart is
The five phases of the respiratory cycle are used directly relatively stationary [9]. They probably do not add a great deal
index five respiratory states in the 2D lookup table. Thus, tloé blur to the resulting end-diastole images. In the future, we
lookup table addresses 15 total locations in the histogramill utilize the flexibility of the LabView programming envi-
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Figure 4: Schematic of rotating phantom. ®Ge source is
attached to a rotating base and is imaged within the ECAT scanne
The optical sensor generates a waveform simulating a cardiac R
wave at the same position during each rotation.

ronment to investigate prospective bad beat rejection sche
Irregular breathing rates should not degrade respiratory g&igure 5: Composite reconstructed image of five states from the
ing at all in the current system configuration. Because the restating phantom. Time in msec for imaging and switching periods
piratory gate is based on the amplitude of the bellows signds,indicated on the image. Approximately 5 msec are required to
not the time since inhalation or exhalation, the duration of &vitch states in the Macintosh/ECAT system.
breath makes no difference. Only the depth of respiration Because of the infrequent respiratory samples, the state is usu-
detected by the respiratory bellows matters. We generally sdiy switched with an uncertainty of only 1 or 2 msec (the time
up respiratory states so that they are evenly spaced for tequired for a cardiac counter/time sample).
range of bellows outputs during tidal breathing. Tomograph Once the ECAT front panel receives a new TTL gating
data acquired during spikes in the respiratory waveform, tygitate, redirection of tomograph events from one histogram
cally due to occasional deep breaths, are discarded. (This e@mory location to another is not instantaneous. Recognition
be done, for example, by adding an extra respiratory state wighthe state change and reconfiguration of scanner hardware
a state boundary at the lower extreme of expected tidal respirasult in lost and delayed events during state transitions. To
tory values, and by setting the output value in this column efieasure these effects, as well as the effects of cardiac gate
the 2D lookup table to a single unused histogram buffer). Noggindowing uncertainty by the Macintosh front-end, a rotating
that it is still an open question whether the simple amplitude phantom was built. The phantom rotates an emission source
the digitized bellows signal is the best measure of respiratogythin the scanner’s field of view and generates a pulse at the
state. Lack of drift seen in the digitized respiratory waveforssame point during each rotation (Figure 4). The pulse from the
seems to indicate that it is a reasonable indicator. We are inveptical sensor was used in place of a ECG-derived pulse to
tigating validation techniques using MRI navigator echos [1Hrive cardiac gate changes in the data acquisition system. Data

to answer this question. were acquired using a phantom revolution rate of 240 rpm, four
25 msec “cardiac” states, and a fifth gate that extended until the
IV. SYSTEM PERFORMANCE next sensor pulse. No output states were based on the inputs to

Though the system is based on low-cost hardware not ugﬂl? respiratory channel, but the A/D sampling of this channel

. : \vas set to 10 samples/sec so that the overall system would see
ally employed for real-time control, we found that with carefu . . .
th& same respiratory sampling delays as would occur during a

software design, adequate performance could be acmevt?_/pical patient study.

Maximum respiratory sampling rate for the system is approx Reconstructed images from the resulting five sinogram sets

mately 250 Hz, or 4 msec per sample. Maximum sampling ratﬁow arcs corresponding to these portions of the circle which

of the counter measuring time since the last R-wave is 1 KHz, . . . . :
. e emission source traveled during each gating period. Figure
or roughly 1 msec per sample. Changing states of the TTL out-. oo . LY
; ; .5 displays a composite image of the five states and the time in
put can be done in about the same time as an A/D conversign, . . . : L
. milliseconds for approximate imaging and transition times. It
All these I/O operations compete for the same CPU and regis- .
. . i5_seen that approximately 5 msec of data were lost between

ter space on the Macintosh. Therefore, since the slowest opera- " :
o . . each gate transition. Furthermore, the arc boundaries are well

tion is a respiratory A/D conversion, the system can ensure_ g

: qefined, indicating that the delay was repeatable, and hence did
correct output state with respect to the R-wave occurrence 10 . e !
r)mot temporally smear the data. This verifies the important fact

within 4 msec (the time required for a respiratory sample



that data during switching intervals is simply lost, and not redi-zung and Blood Institute of the U.S. Department of Health and
rected to an incorrect histogram. If the latter characteristituman Services under grant P01-HL25840; and in part by the

were true, unpredictable blurring would result.

Director, Office of Energy Research, Office of Biological and

Putting these delays in terms of switching times for a typEnvironmental Research, Medical Applications and Biophysi-
cal gated study on a patient, consider the 3x5 (i.e. three cardiat Research Division of the U.S. Department of Energy under
states, five respiratory states) protocol displayed in Figure 1 f6ontract DE-AC03-76SF00098.

a patient breathing at 15 breaths/minute with a heart rate of
80 bpm. Assuming every respiratory state is reached during
every breath, a total of 8 output state changes would result
from one inhalation/exhalation cycle; and 4 output state
changes would result for each heartbeat. This correspondgip
an average of 440 state changes per minute, or one state change
every 136 msec (though due to the asynchronous nature of the
cardiac and respiratory waveforms, states could change as fre-
guently as the Labview loop sampling rate, every 1-4 mse %I
We would expect roughly 2 seconds of data lost per minuteﬁ
this example assumina 5 msec switching time. Double gating

in this case would result in a loss of less than 4% of the avail-
able data. In our studies thus far, we have seen roughly 2-3% of
events lost due to switching based on the sum of resultifd]
active time from a timed gated study.

V. CONCLUSIONS

The use of a Macintosh platform and LabView environment
made this a low-cost system that was relatively easy to p
gram. We have found that thus far, it has met our signal pro-
cessing needs. On the other hand, our test results show that we
are currently near the limit of the system’s processing pow¢s]
For example, tasks such as status displays to a LabView control
panel on the Macintosh screen have to be minimized to avoid
real-time acquisition delays. Also, in order to obtain the
reported performance, low-level 1/O subroutines were writteig]
rather than relying on high level LabView 1/0O modules.

Recent improvements in the system include replacement of
the Macintosh lici with a Macintosh Quadra 650. This faster
computer increases the maximum respiratory sampling rate
from 250 Hz to 550 Hz, and the maximum cardiac samplind]
rate from 1 KHz to over 3 KHz. These faster rates allow more
computer processing between samples so that more sophisti-
cated cardiac and respiratory state determination schemes may
be investigated. [82

Future system improvements include the replacement o
the ECAT ACS I control hardware with ACS Il hardware. This
upgrade will allow list-mode acquisitions, where tomograph
events are tagged and stored individually to disk, rather than
summed in just a few histograms. In this scheme, one of thel8!
bit output states may be used to encode an R-wave occurrence,
and the remaining 15 output states may then be utilized to
encode respiratory position. The technique will remove thgQ]
limit of dividing a doubly-gated acquisition into at most 16 his-
tograms and will give the research advantage in that alternate
gating strategies can be considered retrospectively, allowiﬂgl]
trade-offs to be studied from a single acquisition.
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